Microorganisms have evolved diverse strategies for breaking down plant cell wall constituents. Aerobic organisms secrete a number of separate enzymes, which together hydrolyze cellulose. Examples of individual enzyme producers are the fungus Trichoderma reesei and the bacteria Cellulomonas fimi and Thermomonospora fusca. The cellulases of these organisms have catalytic domains joined by linker sequences to cellulose binding domains (CBDs) (21, 41) . In contrast, anaerobic bacteria, such as Clostridium thermocellum (2, 18) and Clostridium cellulovorans (15) , produce cellulases and hemicellulases which form high-molecular-weight complexes containing catalytic subunits and scaffolding polypeptides.
Anaerobic fungi discovered by Orpin (35) have highly efficient cellulases (9, 28, 31, 32, 45) . On the basis of the morphology of sporangia, mycelia, and zoospores, anaerobic fungi have been classified into two groups, the monocentric and polycentric groups (8, 9) . Monocentric fungi have only one sporangium, whereas polycentric isolates have multiple sporangia. Most investigations of anaerobic fungi have focused on monocentric isolates belonging to the genera Neocallimastix and Piromyces and the polycentric genus Orpinomyces. No native endoglucanase or cellobiohydrolase has been purified from anaerobic fungi, but a cellulase-hemicellulase complex with a mass of about 750 kDa has been isolated from Neocallimastix frontalis (42) . Data from gene cloning and sequencing analyses of polysaccharidases from anaerobic fungi support the view that multiple cellulases and hemicellulases form highmolecular-weight complexes similar to the cellulosome of the clostridia (1, 17, 20, 31, 34, 47) . Catalytically active polypeptides lack CBDs but contain noncatalytic repeated peptide domains (NCRPDs) that function as docking domains (17) . However, a cellobiohydrolase (CELA) of Neocallimastix patriciarum, which lacks an NCRPD but contains a typical fungal CBD, was described recently (14) .
In this paper we describe the cloning and sequencing of cDNAs encoding two similar cellulases (CelA and CelC) of Orpinomyces sp. strain PC-2 and the characterization of these cellulases obtained by expression in Escherichia coli. CelA and CelC have catalytic domains homologous to those of N. patriciarum CELA and other family 6 glycosyl hydrolases (24) but contain NCRPDs instead of CBDs. CelA and CelC have both endoglucanase and cellobiohydrolase activities.
MATERIALS AND METHODS
Microbial strains and vectors. The polycentric anaerobic fungus Orpinomyces sp. strain PC-2 isolated from a bovine rumen (9) was cultured as described by Barichievich and Calza (3) . E. coli XL-1Blue and ZAPII pBluescript SK(Ϫ) were products of Stratagene Cloning Systems (La Jolla, Calif.).
Cloning and sequencing of cellulase cDNAs. Extraction of total RNA from Orpinomyces mycelia grown in liquid media containing 0.2% (wt/vol) Avicel, purification of mRNA, and construction of a cDNA library in ZAPII have been described previously (10) . To isolate cellulase clones, plaques were formed after E. coli cells were infected with phages in standard NZY medium (Strategene) containing 5 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) and either 0.2% remazol brilliant blue (RBB)-carboxymethyl cellulose (CMC) or lichenan. Positive plaques were recognized by the formation of clear haloes on a blue background in the case of RBB-CMC or by the formation of light yellow zones on a red background after staining with 1 mg of Congo red per ml and destaining with 1 M NaCl (5) in the case of lichenan. Positive pure plaques were obtained after a secondary screening with a lower density of plaques and then converted into pBluescript plasmids by in vivo excision (Stratagene). E. coli XL-1Blue cells harboring the pBluescript recombinants were grown overnight at 37°C in LuriaBertani medium containing 100 g of ampicillin per ml. Plasmids were purified by using a spin column miniprep kit (Qiagen) or a Maxiprep kit (Promega, Madison, Wis.). Plasmids from different primary clones were subjected to restriction digestion with various enzymes, and DNA fragments were separated on agarose gels (37) . DNA samples were further cleaned by rinsing them in Centricon-100 tubes (Amicon) before they were subjected to sequencing with an automatic DNA sequencer (Applied Biosystems). Both strands of the cDNA inserts were sequenced by walking from the ends of the inserts by using plasmidand insert-specific primers. Sequence data analyses, data bank searches, and multiple sequence alignment were performed by using the Genetics Computer Group package (University of Wisconsin Biotechnology Center, Madison, Wis.) and the VAX/VMS system of the BioScience Computing Resource of The University of Georgia.
Enzyme preparation. Single colonies of E. coli harboring plasmid pOC2.1, pLIC5, or pLIC8 ( Fig. 1) containing DNA encoding truncated CelA (⌬CelA), CelA, or CelC, grown on solid Luria-Bertani medium containing 100 g of ampicillin per ml, were inoculated into flasks containing 50 ml of liquid medium plus ampicillin. The cultures were shaken (280 rpm) at 37°C and grown to an optical density at 600 nm of 0.5. IPTG (1 mM) was added, and the cultures were grown while they were being shaken for an additional 4 h. Cells were harvested by centrifugation (7,000 ϫ g, 30 min), washed with 20 ml of buffer containing 50 mM sodium phosphate (pH 6.0) and 2 mM EDTA, and resuspended in 10 ml of the same buffer. The cells were then disrupted by sonication (Sonifier 450; Branson Ultrasonics Corp., Danbery, Conn.). The release of cytoplasmic and periplasmic proteins was monitored by following the increase in protein concentration. Cell debris was removed by centrifugation (15,000 ϫ g, 30 min).
Enzyme assays and analytical methods. Unless otherwise stated, the activities of enzymes with various substrates were determined at 39°C in 0.4 ml of 50 mM sodium phosphate buffer (SPB) (pH 6.0) containing 0.7% (wt/vol) soluble or insoluble substrate. Phosphoric-acid-swollen cellulose (ASC) was prepared as described by Wood (44) . Reducing sugars were quantified by the dinitrosalicylic acid (DNS) procedure (33) . Before the absorption values were measured with a spectrophotometer (Hewlett-Packard), residual insoluble substrates were removed by centrifugation at 8,000 ϫ g for 20 min. Glucose was used as a standard for assays of reducing sugars. The stabilities of enzyme preparations at various pH values and temperatures were determined by assaying samples preincubated under specified conditions by using the standard procedures and CMC as the substrate. The buffers used to study the pH range were 0.1 M sodium acetate (pH 2.8 to 5.4), sodium phosphate (pH 5.8 to 7.8), and sodium borate (pH 8.2 to 9.6).
The activities of enzyme preparations with p-nitrophenol (PNP)-linked substrates were determined in 0.2 ml of SPB containing 2 mM substrate at 39°C. Reactions were terminated after 15 min by the addition of 1 ml of 1 M Na 2 CO 3 . The release of PNP was measured spectrophotometrically at 405 nm. PNP was used as the standard, and 1 U of activity was defined as the amount of enzyme required to release 1 mol of glucose equivalent or PNP per min.
The hydrolysis of CMC was determined by measuring the decrease in viscosity in addition to using the DNS method for assaying reducing sugars. A solution of 0.5% (wt/vol) high-viscosity CMC (Sigma) in 5 ml of SPB was added to a Kimax viscometer (10 ml) placed in a 40°C water bath. After 5 min of temperature equilibration, the viscosity was measured before and then at different times after the addition of 100 l (1 mg) of E. coli cell lysate proteins. The viscosity of buffer without CMC was measured and used for calculating relative viscosity. Protein was determined with the MicroBCA reagent (Pierce) by using bovine serum albumin as the standard.
The products formed by hydrolysis of cellodextrins (G2 to G5), CMC, and ASC were analyzed by thin-layer chromatography (TLC). Solutions containing 200 g of E. coli cell lysate proteins and 1 mM cellodextrins, 0.2% (wt/vol) CMC, or ASC in 50 mM SPB (pH 6.0) were incubated at 39°C for 5 h. The reactions were terminated by boiling the preparations for 5 min. Hydrolysis products were separated by TLC on silica gel plates (Analtech, Inc., Neward, Del.) by using a mixture of chloroform, glacial acetic acid, and water (6:7:1, vol/vol/vol) as the solvent (26) . A mixture of glucose, cellobiose, cellotriose, and cellotetraose (Sigma) was used as a standard for the identification of hydrolysis products. After partition, the plates were sprayed with a reagent containing aniline (2 ml), diphenylamine (2 g), acetone (100 ml), and 85% H 3 PO 4 (15 ml), and then the sugars were visualized after the plates were heated at 105°C in an oven for 15 min (22) .
Nucleotide sequence accession numbers. The nucleotide sequences of CelA and CelC of Orpinomyces sp. strain PC-2 have been assigned accession no. U63837 and U63838, respectively, in the GenBank database.
RESULTS
Cloning, expression, and sequencing of celA and celC of Orpinomyces sp. strain PC-2. In a previous publication (31), we described the screening of a cDNA library constructed in ZAPII by using mRNA extracted from Orpinomyces sp. strain PC-2 (10) for plaques hydrolyzing RBB-CMC. Two different clones with insert sizes of 2.7 kb (pOC2, celA) ( Fig. 1 ) and 1.8 kb (pOC1, celB) were obtained. As reported previously (31), the insert cDNA (celB) of pOC1 contained 1,825 bp and a complete open reading frame (ORF) which encoded a polypeptide (CelB) of 471 amino acids. Sequencing of the insert cDNA of pOC2, as reported here, revealed that this plasmid possessed cDNAs of three unrelated genes, resulting from ligation at the EcoRI sites of the adapters of unrelated cDNA sequences (Fig. 1) . A 1.2-kb sequence in the 5Ј region consisted of an incomplete ORF ( Fig. 2 ) encoding a polypeptide homologous to fungal and bacterial cellulases. This sequence was followed by two sequences coding for polypeptides with homology to a yeast amino peptidase and an H4 histone protein (data not shown). The incomplete ORF encoding the cellulase in pOC2 was fused in frame to the lacZ gene. Thus, the cellulase was synthesized as a fusion protein. Subcloning of the 1.2-kb fragment into pBluescript in the same orientation yielded pOC2.1, which had the same level of activity on CMC as pOC2 did (Fig. 1 ).
The ZAPII library was also screened for plaques that hydrolyzed lichenan, a glucan with alternating linkages of ␤-1,3 and ␤-1,4 bonds. Twenty positive plaques were isolated from 2.5 ϫ 10 6 PFU. Restriction analyses revealed that these plaques represented cDNAs of four distinct genes (data not shown). Sequencing of the inserts in the plasmids, converted from plaques by in vivo excision, revealed that pLIC5 (Fig. 1 ) contained 1,558 bp (celA) with a complete ORF encoding a polypeptide (CelA) of 459 amino acids with a mass of 50,580 Da (Fig. 2) . The difference between pOC2.1 and pLIC5 was that pLIC5 contained a 5Ј noncoding region and a region encoding 115 N-terminal amino acid residues that were missing in pOC2.1 (Fig. 2) . The sequences of these two clones encoding the carboxy-terminal 345 amino acids and 3Ј noncoding ends were identical (Fig. 2) . These results suggest that the 115 amino acids in the amino region of CelA were not required for catalysis. A second lichenan-hydrolyzing plaque, pLIC8 ( Fig. 1) , had an insert of 1,628 bp (celC) (Fig. 3) with a complete ORF coding for a polypeptide (CelC) of 449 amino acids with a mass of 49,389 Da.
The assignment of translation start codons for celA and celC was based on the following findings: (i) both ORFs had stop codons preceding the ATG codon; (ii) the next codon was a codon for a Lys residue, which was followed by a peptide sequence rich in hydrophobic amino acids which are typical of secretion signal peptides for extracellular enzymes (29) ; and (iii) very high-AϩT-content regions preceded the putative ATG codons, as found previously for cDNAs encoding a cyclophilin (10) , an enolase (16) , and other hydrolases (17, 31) of anaerobic fungi. In genes isolated from Orpinomyces sp. strain PC-2 so far, including celA and celC, the wobble position is severely biased toward A or T, and G is rarely used. Codons such as GGG, GCG, AGG, TCG, CGG, CGA, CAG, CTG, and CCG and translation stop codons containing G (TGA and TAG) are not used. High-AϩT-content genes and extremely AϩT-rich noncoding regions are prominent in anaerobic fungi (14, 16, 17, 31, 47) , indicating that monocentric or polycentric anaerobic fungi have similar nucleotide compositions.
Domains of CelA and CelC. The nucleotide and deduced amino acid sequences of celA and celC were compared with each other, the CelB sequence of Orpinmyces sp. strain PC-2 (31), and homologous sequences obtained from the SwissProt and GP data banks. The amino acid sequences of CelA and CelC are 67.6% identical, and the level of identity at the nucleotide level is even higher (76.9%). Notably, there are regions of one, three, and five amino acids present in CelA which are not found in CelC. CelA and CelC have no significant level of identity with CelB except that the N-terminal regions (amino acids 20 to 100) of mature CelA and CelC are highly homologous to the C-terminal region of CelB (amino acids 390 to 470). This region (Fig. 4) is also present in XynA of Orpinomyces sp. strain PC-2 and in several polysaccharide hydrolases of monocentric anaerobic fungal species belonging to the genera Neocallimastix and Piromyces (17, 20, 47) . It has been identified as an NCRPD. It has been postulated that NCRPDs function like the dockerin domain of catalytic subunits of clostridial cellulosomes (17, 31) . The occurrence of this domain at N termini is unusual. This domain has always been found attached by a linker region at the carboxy ends of catalytic domains or between two catalytic domains.
The catalytic domains of Orpinomyces CelA and CelC involve the C-terminal regions starting with amino acid residues 128 and 127, respectively. These domains are highly homologous with the catalytic domain of N. patriciarum CELA (14), with which they exhibit 71.9 and 70.3% identity, respectively, at the nucleotide level and 65.0 and 60.5% identity, respectively, at the amino acid level. In addition, the catalytic domains of CelA and CelC display significant levels of homology with fungal cellobiohydrolases and bacterial endoglucanases ( placed in family 6. However, they do not have a CBD, which is present in all other cellulases of this family.
The linker sequence (amino acid residues 103 to 130) of CelA is comprised mainly of Gln and Pro residues (Fig. 2) . Thr and Ser residues are also present. In contrast, the CelC linker region (amino acid residues 100 to 129) contains predominantly Thr (Fig. 3) . Thr is also the most abundant residue in the linkers of Orpinomyces CelB and XynA. The linker sequence between the CBD and the catalytic domain of N. patriciarum CELA is long and consists almost entirely of Asn residues (14) . A possible noncatalytic 455-residue linker sequence has been identified in XYLB of N. patriciarum; it has repeats of an octapeptide containing Ser, Thr, and Pro residues (7).
Enzymatic properties. Cell extracts of E. coli expressing Orpinomyces CelA, CelA with the NCRPD truncated (⌬CelA), and CelC were prepared, and the activities of these extracts with various substrates were determined ( Table 1 ). The two cellulases rapidly hydrolyzed CMC, ASC, lichenan, and barley ␤-glucan. Low-level but detectable hydrolysis of Avicel by CelA, ⌬CelA, and CelC was observed. In addition, CelC hydrolyzed other polymeric substrates containing ␤-1,4-, ␤-1,3, and ␤-1,6 glucoside bonds. CelA and ⌬CelA had almost identical substrate specificities, demonstrating that the NCRPD is not involved in catalysis or substrate binding.
The end products of hydrolysis of CMC, ASC, and cellodextrins by the two cellulases were determined by TLC (Fig. 6) . Hydrolysis of CMC and ASC by the two enzymes yielded (38) , and Agaricus bisporus (Cbhii-Agabi) (12) , Cellulomonas fimi CenA (Cela-Celfi) (43) , Thermomonospora fusca E2 (Cele2-Thefu) (27) , and Streptomyces Ksm-9 (Cell-Strsp) (13) . cellobiose and cellotriose. Oligosaccharides larger than cellotriose were also formed during the hydrolysis of CMC by CelA and CelC but not when ASC was the substrate. Glucose was not formed with these two polymeric substrates by CelA or CelC.
Neither of the enzymes hydrolyzed cellobiose. Different product profiles for the two enzymes were obtained when cellotriose and cellopentaose were the substrates. CelA hydrolyzed cellotriose to cellobiose and glucose, but CelC was not able to cleave this substrate. Cellotetraose was cleaved predominantly to cellobiose by CelA or CelC; in addition, trace amounts of glucose and cellotriose were formed in the case of CelA. A trace amount of cellotriose and possibly some higher oligosaccharides were observed during hydrolysis of cellotetraose by CelC, which suggests that CelC may have transglycosylation activity. CelA hydrolyzed cellopentaose to cellotriose, cellobiose, and glucose, while CelC produced only cellotriose and cellobiose and no glucose, which confirmed the inability of CelC to hydrolyze cellotriose.
The change in viscosity and the accumulation of reducing sugars during hydrolysis of CMC by the two enzymes were determined (Fig. 7) . The viscosity of CMC was reduced rapidly by the enzymes during the first 5 min of hydrolysis. After this, the reduction in viscosity was small. This behavior is typical of endoglucanase activity. The levels of reducing sugars increased most rapidly during the first 20 min of the reaction. However, an increase, although at a low rate, was observed for 40 min.
The formation of reducing sugars may be due to low endoglucanase activity, but the production of cellobiose and cellotriose as observed in Fig. 6 suggests that exoglucanase activity is present. The adsorption of the expressed cellulase activities in a lysate of E. coli cells was investigated by using Avicel. More than 90% of the CelA and ⌬CelA activities were recovered after the Avicel treatment, indicating that these preparations did not possess enzymes with strong cellulose binding affinity. Less than 50% of the CelC activity was recovered after the Avicel adsorption treatment, and this adsorption was not hindered by bovine serum albumin at a concentration four times that of the E. coli proteins. This result indicates that CelC has affinity for Avicel.
The activities of the two enzymes with CMC at various pH values and temperatures are shown in Fig. 8 and 9 , respectively. The highest activities were at pH 4.8 for CelA and at pH 5.6 to 6.2 for CelC. Enzyme activities greater than 50% of the maximum activity were attained at pH 4.3 to 6.8 for CelA and at pH 4.6 to 7.0 for CelC. After preincubation at 40°C at pH 3.5 to 9.6 for 1 h, both enzymes retained 80% or more of the maximal activity.
CelA and CelC displayed their highest activities at 50 and 40°C, respectively. The activities rapidly diminished at 60°C, a temperature at which CelA and CelC were irreversibly inactivated during preincubation. The enzymes retained more than 90% of their activities after preincubation at 45°C for 24 h in the absence of substrate. CelA and CelC retained 92 and 83%, respectively, of their activities after 5 h of preincubation at FIG. 6 . TLC analysis of products of CMC, ASC, and cellodextrins hydrolyzed by CelA and CelC. The procedures used for enzyme and substrate preparation, hydrolysis, TLC, and visualization are described in Materials and Methods. Glucose (G1) and cellodextrins (Sigma Chemical Co.), including cellobiose (G2), cellotriose (G3), cellotetraose (G4), and cellopentaose (G5), were used as standards (lane S) at equal molarities and as substrates.
FIG. 7.
Viscosity reduction and reducing sugar production during the hydrolysis of high-viscosity CMC (Sigma) by CelA (F and E) and CelC (å and Ç). Relative viscosity ϭ time for reaction sample/time for buffer. The reducing sugar production is expressed as the percentage of reducing ends generated compared with the total theoretical number of ends. b The activities of extracts containing CelA, ⌬CelA, and CelC with CMC were 1.2, 1.3, and 1.1 U/ml, respectively.
c ND, not detected (hydrolysis rate was less than 1.0% of the hydrolysis rate for CMC).
50°C. The pH and temperature profiles indicate that the Orpinomyces enzymes are active under the physiological conditions found in the rumen (pH 6 to 7 and 38 to 42°C) (46) .
DISCUSSION
The cellulases encoded by celA and celC of the polycentric anaerobic fungus Orpinomyces sp. strain PC-2 exhibit structural similarities with each other, XynA and CelB from the same fungus, and hydrolytic enzymes from other anaerobic fungi. Like the sequences of these other enzymes, their sequences can be dissected into several regions. Starting with the N-terminal end, they contain a basic residue at the second position, which is followed by a peptide rich in hydrophobic residues. This region is present in extracellular proteins and functions as a transmembrane signal. In both enzymes, it is followed by an NCRPD which has been postulated to have a function similar to that of the dockerin domain of catalytic subunits of the cellulosome of Clostridium thermocellum (4, 11, 19, 25) . The NCRPD is followed by a linker region which connects the NCRPD to the catalytic domain.
The most striking similarity between the two cellulases discussed here is the presence of NCRPDs. These domains have been found in several hydrolases of anaerobic fungi (17, 20, 31, 47) . Western blot analysis in which a polyclonal antibody against the first peptide sequence of the NCRPD of Orpinomyces XynA was used demonstrated that this sequence is present in numerous extracellular proteins of Orpinomyces sp. strain PC-2 and N. frontalis (31) . Our present work and observations by other workers (17, 20) have shown that the NCRPD is not involved in catalysis or cellulose binding. Fanutti et al. (17) showed that the NCRPD of a Piromyces xylanase binds to other polypeptides of high-molecular-weight complexes of N. patriciarum and a Piromyces strain. Cellulase-hemicellulase complexes with masses of more than 2 ϫ 10 6 Da have been found in Orpinomyces sp. strain PC-2 (30). These complexes contain more than 20 polypeptides having masses ranging from 35 to 130 kDa. It can be postulated that CelA, CelB, CelC, and XynA are components of the complexes of Orpinomyces sp. strain PC-2. The NCRPDs of CelB and XynA of Orpinomyces sp. (31) , XYLA of N. patriciarum (20) , and MANA of Piromyces sp. (17) are located at the C-terminal ends. In Piromyces XYLA the NCRPD is located between two catalytic domains (17) . The presence of the NCRPD at the N termini of mature CelA and CelC indicates that the location of this domain in the fungal enzymes is not critical for activity. Assuming that the NCRPDs of various hydrolases bind to a scaffolding protein with the same orientation, varying the NCRPD locations may provide conformational variations for the catalytic subunits in the complexes. Figure 5 shows that the catalytic domains of Orpinomyces CelA and CelC are very similar to each other and to the catalytic domain of CELA of the monocentric fungus N. patriciarum (14) . However, the N. patriciarum enzyme has a CBD, whereas the Orpinomyces enzymes contain NCRPDs. This suggests that the NCRPD and the catalytic domains have different origins. The parts of the genes encoding the catalytic domains of Orpinomyces CelA and CelC and CELA of N. patriciarum may have been acquired by horizontal gene transfer between the fungi, and there may have been subsequent duplication in Orpinomyces sp. In Orpinomyces sp. the CBD part of the gene might have been replaced with the part encoding the NCRPD. Evidence has now been provided by studies of hydrolases of anaerobic fungi that gene transfer, recombination, and duplications among these organisms have occurred fairly frequently (20, 31, 34) . Consequently, events have allowed the fungi to diversify the strategies used for plant cell wall breakdown. Cellulases and xylanases with homologous tandem catalytic domains in single polypeptides have been found in N. patriciarum (20) and Piromyces sp. (17) . The finding that CelA and CelC, as well as the three mannanases of Piromyces sp. (34) , are encoded by separated genes but have highly similar catalytic domains indicates that there has been another type of gene duplication. The presence of a large number of sequences in the genomes of different anaerobic fungi encoding similar NCRPDs and catalytic domains reflects the fact that these sequences are highly selected and that microorganisms in the rumen have shared genetic sources during evolution.
CelA and CelC have both endoglucanase and cellobiohydrolase activities. They rapidly decrease the viscosity of CMC solutions and exhibit activities with ASC and Avicel. The products of CMC and ASC hydrolysis were mainly cellobiose and cellotriose. No or very little glucose was detected. Cellotriose was slowly hydrolyzed by CelA but was not hydrolyzed at all by CelC. Cellotetraose was hydrolyzed to cellobiose by both enzymes, and cellopentaose was hydrolyzed to cellobiose and cellotriose. These enzymes have high homology with the family 6 glycosyl hydrolases, which consist of endoglucanases and cellobiohydrolases (23, 24) . It is apparent that Orpinomyces CelA and CelC have both activities.
The three-dimensional structures of the catalytic domains of two family 6 hydrolases, CBHII, a cellobiohydrolase from Trichoderma reesei (36) , and E2, an endoglucanase from Thermomonospora fusca (39) , have been determined. The overall topologies of these two enzymes overlap to a high degree despite the fact that they exhibit only 26% sequence identity and the fact that one is a cellobiohydrolase and the other is an endoglucanase. Four aspartic acid residues, Asp-199, Asp-245, Asp-287, and Asp-425, of Trichoderma reesei CBHII (the numbering includes the 24 residues of the signal peptide) are present in Orpinomyces CelA and CelC. They are conserved in the two types of enzymes in family 6 (Fig. 5) and are found near the proposed site of cleavage of the cellulose chain (36, 39) . The catalytic modes of the two types of enzymes are distinguished by the fact that the active-site tunnel of CBHII is enclosed by two surface loops that block the access by long cellulose chains (36) . One of the loops is absent in E2, while the other is present but is pulled away due to a deletion adjacent to this loop (39) . As a consequence of these changes, the tunnel in E2 is easily accessed by cellulose chains. The loop absent in E2 corresponds to residues from Ser-418 to Gly-436 of Orpinomyces CelA (Fig. 5) . Deletions of two amino acids for Orpinomyces CelA and N. patriciarum CELA and of five amino acids for Orpinomyces CelC suggest that in the cellulases of anaerobic fungi this loop might only partially enclose the tunnel of the active site. The other loop, which covers the other end of the tunnel of CBHII but is pulled away in E2, is related to the region corresponding to Pro-204 to Ser-217 of Orpinomyces CelA (Fig. 5) . The three cellulases from anaerobic fungi all have deletions of four amino acids, which may form a loop distinct from the loops of either the aerobic fungal cellobiohydrolases or the bacterial endoglucanases. Nevertheless, the regions of the three cellulases involved in loop formation are distinct from those of cellobiohydrolases and endoglucanases and may allow access of both long cellulose chains and their ends. As a result, these changes may allow the three enzymes of anaerobic fungi to display both endo and exotypes of activities. It should also be pointed out that deletions and insertions of regions other than the loop regions of the three cellulases may contribute to structural changes resulting in enzymes which display both activities.
